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PREFACE

The research and testing studies documented im this report &re one part
of as investigation to evaluate the residual stresses in raflroad wheels due
to varying braking rates on passenger vehicles. The companies involved in the
overall progras included Southwest Research Institute, USS Engineers and Con-
sultants, Inc., and the HASA Marshall Space Flight Cente:r. Southwest Research
Institute evaluated the Barkhausen effect under Contract DOT-TSC-T13. U.S.
Department of Transportation, Transportatlon Systems Center under the suspices
of the Federal Raflroad Administration, Office of Ressarch and Development.

The work st SEI was carried out by Robert E. King, John R. Barton, and
$illias D. Perry. The technical contract monitor was the late Jack W, Lyons
of the Transportation Systems Center.
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1. INTRODUCTION

Approximately 400 railroad wheel failurcs are encountered vach
year. 3 Although this represents a small fraction of the approximately
16,000, 000 wheels in operation, the consequences of & few catastrophic

wheel faflures are so severe that solving this probles has been assigned a
high priority by the Governsent and the rallroad industry.

There is evidence which suggests that undesirable residual strens
conditions developed by brake application are a dominant factor leading
to the catastrophic failure of many railroad wheels. New wheels used
in most railway passenger operations have a built-in failure prevention
mechanism; namely, the development of residual compressive stresses
in the rim of properly heat-treated wheels. These locked-in rim stresses
are intended to impede the propagation of thermal cracks caused by
heat generated from successive high-speed braking stops. Associated
thermal cycling from such braking gradually reduces any protective com-
pressive stresses which eventually become tengile, after which the wheel
may be primed for failure when a critical crack has developed.

The manner in which stresses in a wheel rim change is dependent
upon many [actors such as! speed at which the wheel is operated, number
of brake applications {espercially during hard or emergency stops), initial
compressive siress level of the wheel rim, etc. The rate of change of
stresses with each of the infiuencing factors is unknown at this time, and
the critical level for the tensile stresses in the wheel rim have not been
determined. To gain a further understanding of the stress changing
mechanisme in the wheel and to investigate techniques that are potentially
feasible and useful for nondestructive evaluation of these stresses, the
Federal Rallroad Administration initlated om 718 Auguit 1972 & research
progras to include an evaluation of the Barkhausen Nolse Stress measuTement

technique being developed at Southwest Research Institute. This report
sumarizes the work accosplished under Comtract DOT=-TSC-T713.



2. SUMMARY

The investigation included four new wheels and two used wheels
which had been removed from service; one of the used wheels -ontained
a thermal crack approximately 1. 2 inches long. The six wheels were
involved in & round-robin type activity involving Southwest Research
Institute {SwRI}, United States Steel Corporation {USSC), and Marshall
Space Flight Center (MSFC). SwR! acquired Barkhausen noise data from
cach of the six wheels after which each wheel was returned to USSC where
three of the new wheels were cach placed on a dynamometer for high-speed
simulated brake-stop testing. (Whesls were aleo routed to MSFC for
investigating an ultrasonic method of residual stress measurement )
After stop testing, each of the three wheels was returned to SwRI for a
sccond series of Barkhausen noise measurements. Following the measure-
ments, they were returned to US5C for metallographic analysis including
residual stress measurements obtained by & destructive strain relaxation
method. Stress indications obtained nondestructively by the Barkhausen
noise method were compared to the residual stress measuroments obtained
for cach of the six wheels by the USSC.

A brief summary of significant results follows; a more detailed
presentation, inciuding a description of the Barkhauses method, {llustra-
tions showing the equipment, diagrams of the measurement locations,
graphs and tabular presentations of data obtained on the program, discussions,
and recommendations, appears in subsequent sections.

An overall appraisal suggests that the Barkhausen method offers a
possible potential of providing means for rapid assessment of residual
stress conditions in railroad wheels. However, results are not conclusive
enough to warrant immediate development of equipment for routine use on
wheels. Itis emphasized that an extremely limited wheel "population” was
examined: 4 new {3 wheels with different simulated braking conditions} and
2 used wheels were available, Furthermore, although one of the used
wheels contained a significant thermal erack (1.2 inches long and 0.2 inch
deep) and one of the new wheels developed two small surface cracks
during the dynamometer experiments, no predictable wheel fractures
occurred due to the siinulated braking imposed upon the wheels. Accord-
ingly, the resilts could not provide a basis of indicating at what level of
residual stress or Barkhausen signature a wheel should be judged to be
unsafe for service.

Nevertheless, a qualitative consistency was ohserved lor limited
locations on the rim between the Barkhausen results and the residusl
strosses determined destructively at USSC., Relatively minor stress changes
occurred on the wheel rim regions and plate regions but major changes



occurred on the tread regions., Specifically, Barkhausen values indica-
tive of tensile streeses in excess of 50 ksi were obtained on the tread
regicns ané compressive stresges in excess of 40 ksl were obtained on

the sides of the rims for wheels after dynamometer experiments. Stress
values obtained destructively at these same locations ranged from 50 ksi
to 100 ksi tension and 0 ksi to 53 ksi compression, respectively. Friorto
the dynamometer experiments, ail of the rim regions were in compression.
Ii these high tensile stresses in the tread regionand the associated high
Barkhausen values are indicative of values that could develop on the sides
of the rima after tensile stresses have developed toa dangerous level in
the rim. it should be relatively straightforward to specify a "GO, NO Go"
criterion based on simple procedures using the Barkhausen method. One
possible treatment of the Barkhausen data is presented to illustrate &
potential criterion of identifying those vheels which are high risks for
service applications,

Since the Barkhausen noise method i coufined to the near surface
region, possibly 0.01 to 0.02 inches deep, the appiicability of the method
to the raiiroad wheel strees problem may appear guestionable. However,
a recent comprehens ve investigation in which whee.s were tested to
fracture shows & correlation between values of resicusl stress indicated by
X -ray diffraction and a strain relaxation method on raliroad wheels that
were subjected to drag braking tests in the laboratory. In addition, it
is indicated that surface residual stresses obtained by using the X-ray
diff raction method on the front side of the rim at a position 10 mm {rom
the tread corner shaws promise,when used with a {racture mechanics
analysis, of predicting conditions {crack size and residual stress]) that
result in whee! [racture. Accordingly, it appears that the Barkhausen method =
gince it measures somewhat deeper than X-ray diffraction — is
possibly applicable 1o stress measuremernt in railroad wheel®, but extensive
additional data will be required to provide an adequate base for asscesing
effectiveness of the method.

® Residual Stresses in the Rim of a Raiiroad Solid Wheel Due to On Tread
Braking and Their Effect on Wheel Failure, " by Toshic Hirookz, Kuso
Kasai, Seiichi Nishimurs, Katsuyuki Tokimasa, Iaternational Wheelsets
Congrese, Paris, 4-7 June 1972 {Ref. 21}

L



3. DISCUSSION OF APPROACH

3.1 THE BARKHAUSEN PHENOMENONW

The fact that certain properties of {erromagnetic material are
strongly stress sensitive has long been known. Saggestions that one or
more of these might be made the bllzl- of a practical stress measuring
method were made s carly as 1922. 2} Until recently, nothing practical
came of those suggestions, perhaps because of the lack of any detailed
understanding of the ferromagnetic state in general and, in particular,
because of the lack of understanding of the complex way in which material
composition, grain size ang siructure, and crvstalline defect structure,
as well as the state of mechanical stress, interact to affect any given
measurable parameter of the ferromagnetic material. While it cannot be
presently stated that this complex situation {s fully understood, it is
true that significant progress has been made in the past several years.

One phenomenon in particular affords an approach to the meas-
uremeni of applied and residusl stress in ferromagnetic materials: ke
Barkhauser effect. (3 In 1917, Barkhausen discovered thal as & ferro-
magnetic specimen is magnetized by the application of an external magnetic
field, the magnetization does not increase in & strictly continuous way but
rather by small, abrupt, discontinuous increments now called Barkhausen
jumpe. It is now well established that such jumps are due principally to
discontinuous movernents of mobile boundaries between small sub-regions
called magnetic domains ir. the macroscopic epecimen. Each such domain
tg at all times very nearly rasgnetically saturated; an unmagnetized
MACTOSCOPIC specimen comprises a great number of domains which have
randomiy oriented directions of magnetization so that the average bulk
magnetization is 2ero. The specimen becomes magnetized mainly by the
growth in volume of favorably oriented domaing at the expense of un«
favorably oriented domains, the principal mechanism of growth being the
physical movement of the walle or regions in which the alignment of atomic
magnetic moments change rapidiy between adjacent domains. It has been
established that the direction and magnitude of mechanical stress to which
s ferromagnetic specimen is subject strongly influences the detailed
dynamics of the domain wall motion and thus correspondingly influences
the Barkhausen effect. (4. 5.8} 1y Figure | are preveral photographs made
at Southwest Research Institute utilizing the Kerr magnoto-optic effect to
show magnetic domaing on the surface of a single crystal of silicon-iron.
These illustrate the manner in which domains change under the influence
of applied stress (7}
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3.2 STRESS MEASUREMENT BY MEANS OF THE BARKHAUSEN EFFECT

Utilization of the Barkhausen phenomenon to measure stresses
in ferromagnetic parts requires instrumentation to excite the Barkhausen
activity, to detect the Barkhausen activity, and to process the detected
signal yielding a quantified stress indication. Figure 2 is a diagram of
a rudimentary arrangement for exciting and detecting the Barkhausen
effect. Figure 3 shows a cathode ray oscillogram of the voltage induced
in the induction coil sensor during one complete reversal of the magneti-
zation of the specimen. The direct output of the sensor can be described
as a burst of pulses of somewhat random amplitude and temporal separation.
The largest amplitude of this burst usually occurs near the center of the
magnetic reversal cycle, and the maximum amplitude of the burst is
especially sensitive to the state of stress in the specimen. Qualitatively,
high amplitude processed signals (see Figure 4) are associated with tensile
Slresses and low amplitude with compressive stresies. The direction of
Stress can be determined approximately by orienting the probe to obtain
a maximum signal amplitude, and this occurs when the probe axis is
aligned along the maximum tensile stress axis. The method is confined
to siresses in the near surface region but has some subsurface sensitivity,
perhaps not deeper than 0.02 inches. In some cases, it can also be shown
that the state of stress in the specimen is related to the area under the
envelope of the Barkhausen burst. In this program, the envelope of the
Barkhausen burst was recorded ona strip chart recorder as illustrated in
Figure 4 and the peak amplitude of the envelope was measured as the

significant stress indicator, since preliminary appraisal indicated best
correlation on calibration specimens.

To obtain quantitative stress values using the Barkhausen noise
technique, measurements must first be made upon a specimen for which the
stress condition is known and whose material condition is gimilar to the
part which is to be inspected. Typically, a graph is plotted relating the
Barkhausen noise measurement to the stresses applied to the specimen.
Sach a graph with the applied stress values plotted along the abscissa
typically has the shape of a lazy "S" for steels with the maximum slope
in the range between 40 ksi compression and 50 ksi tension. This "cali-
bration curve" is then used to relate a Barkhausen measurement made on
the inspected part to a particular stress value for the measurement location.
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4. EXPERIMENTAL IMPLEMENTATION
4.1 EXPERINENTAL SCHEME

There were & number of tasks involved in pursalt of this
program, some of which were run in parallel. The list of tasks, given
below, presents the tasks in & logical sequence without regard to the
actual scheduled order of the tasks.

Task 1: The initlal task was to determine experimentally
the instrumentation parameters for exciting and sensing the Barkhausen
activity to provide the best sensitivity. It appeared that the Barkhausen
signals from these experiments could be adequately processed utilizing
the electronic parameters already Incorporated in an existing Southwest
Research Institute instrument.

Task 2: Select the points on the railroad wheels at which
noise measurements would be made to reasonably map the Barkhausen
response over the entire surface of each wheel.

Task 3: Adapt existing Barkhausen noise measurement instru-
mentation to incorporace the instrumentation parameters determined from
Task 1"and the geometrical parameters determined in Task Z. This
included the fabrication of speciai probes to {fit the wheel contours at the
variocus measuremont locations as well 25 fixtures for holding the wheel
and positioning the probe at each measurement location.

Task 4: Perform calibration experiments to reiate the
Barkhausen noige measurements to residoal stress values in the raiiroad
wheel material.

Task 5: Acquire Barkhausen noise data from each wheel in
the program. This included duplicating the data on three wheels after the
simulated service at the United States Steel Corporation. At each measure-
ment location the probe was removed from the wheel and replaced five
times. The mean value of the {ive meagurements was taken as the true
value. At each location Barkhausen noise measurements were acquired in
the circamnferential direction and in a direction perpendicular to that. This
resulted in a total of 1,920 measurements for most wheels.

Task §: Analyze the Barkhausen stress dats and compare these
data with the destructively determined stress values obtained by the United
Siates Steel Corporation.

Because of the nature of the round-robin type experiment, the
prolonged stop tests performed at USSC, and time consumed in shipping the



railroad wheels, the performance of this program was extended over a
period of approximately two years.

4.2 TEST SPECIMENS

The raiiroad wheels utilized in this investigation were of
Section B-36, Class A, produced by the Standard Steel Division of the
Titanium Metal Corporation of America. Figure 5 illustrates the locations
selected for making Barkhausen measurements and the conventions of
orientation which were adopted in thiz study. Figure & is a photograph of
one of the wheels, illustrating the manner in which it was marked for
locating the measurement points. Scribe lines were marked on the wheels
with & vibrating etcher and highlighted with paint markings. These scribe
lines facilitated repeatably locating the Barkhausen probe within approxi-
mately +0.03 inches by means of alignment fixtures attached to the wheel.

It is important that we understand the physical and metal-
lurgical characteristics of the wheels in order to properly interpret the
Barkhausen noise data obtained from them. Therefore, the following dis-
cussion describes the wheels metallurgically, the manufacturing processes,
and the service conditions of these wheels in the detail deemed pertinent
to this investigation. In Table | are tabular descriptions furnished by the
program monitor for each of the wheels selected for this investigation.

The manufacture of the wheels used in this experiment involves the basic
processes of rough-forming to shape, contour machining, heat treating,

and ehot-peening. Of these processes, the last two named are of particular
interest to our study. The heat treatment is & rim-treatment designed to
"build-in" compressive stresses in the rim of the wheels thereby minimizing
the problems of crack propagation and explosive failures. The following
heat treatment process was utilized for these wheels:(8)

Austinized: 1550*F (approximately 4. 5 hours);

Rim Spray: 2.5 minutes {plate shielded from water spray):
Quench: 3 minutes n water;

Temper: 720°F {approximately 4.5 hours).

After the heat treatment procese has been completed, the plate of the wheel
is shot-peened per MIL.S5-131658B. As applied to the subject railroad
wheels, (his standard requires that the wheel be peened to an Almen
intensity of 0. 012A2 to 0. 016A2 using $-280 shot to full coverage. Also,
the standard stipulates that areas not requiring peening shall be optional
unless masking is specified. Full coverage has the definition that doubling
the time of expor re will result in an increase in the Almen intensity
number by less than 10 percent, which can be estabiished by plotting a
saturation intensity curve and assuring that the intensity falls to the right
of the knee of the curve.
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DATA SCHEME

Showing Alphameric Data Poinz
Designations and Orientation
Conventions, Pattern is
Repeatod Every 45°.

FIGURE 5. MEASUREMENT LOCATIONS AND ORIENTATION CONVEN-
TIONS WITH ASSOCIATED DATA SCHEME DESIGNATIONS
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FIGURE 6. PHOTOGRAPH OF A TYPICAL WHEEL WITH MARKINGS
OF MEASUREMENT LOCATIONS
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TABLE 1.

WHEEL MANUFACTURING DATAI(%)

Wrought Steel Wheels, Class A, 36", MW

1
1.D, Ne. i F 3 L] 5 &
MFG. No. 24TeA Z4TIA Z4T4A b ETEY Y 10150A 101614
Type NHEW NEW NEW NEW USED USED
MFG. Standsrd} Standard | Standard | Standard | Standard | Standard
Date MFG. EfTE /T2 17712 1/72 1/ 1/71
Tape 213 231 3% 233 237 37
AAR SPEC M-107-70 H-H;?-ﬁ?
Heat Ne. Kiios 304
Chamical !
Analysis C G.41 C 0.3%
Si 0.3 5f 0.18
P 0.02% P 0.02¢&
Mn 0.7 Mn O0.7I
g 0.3%4 5 0.04
i
BHN 262 2462
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An important factor of this shot-peening procedure to the
Barkhausen stress measurement is that only the plate and plate fillets
Are specilied to receive full coverage shot-peening. The sides of the
rim, which will be shown to be of considerable importance to the determi-
nation of the service condition of a wheel, receive only the uncontrolied
scatter from the shot-peening of the plate. The results of this design
specification to the Barkhausen stress measurements on the rim will be
commented upon later in this report.

As noted in the previous discuesion of the Barkhausen
phenomenon, the noise measurement is principally from the surface layer
of the test article. Thus, it is pertinent that we note the surface material
condition for the various arcas of each wheel. Figure 7 illustrates some
of the major surface finishes from various regions of the specimens, both
before and after stop-test. Additionally, Figure 8 illustrates the thermal
fatigue crack which existed in wheel No. & {10191A) causing its removal
from service. The crack was approximately 1.2 inches long and 0. 2
inches deep.

Unexpectedly, the first new wheel stop tested on the USSC
dynamometer failed to develop any thermal cracks after being subjected
to 300 stops (more than three times the number of stops received by the
used wheels, one of which had already developed a thermal crack in the
tread during servicel. Therefore, the stop test program conducted by the
USSC was revised as shown in Table 2.

<.} INSTRUMENTATION AND TEST APFARATUS

Southwest Research Institute has developed a3 number of
different equipments based on the Barkhausen noise phenomenon to measure
residual or applied stresses in ferromagnetic materials. These equip-
ments have varied from special-purpose laboratory instruments to field
portable equipment suitable for use in production quality control. In the
railroad wheel program adaptations of existing equipment included: (i)
modification of a field useable, portable equipment to & sensitivity equal
to the present best laboratory instruments; (2) design and fabrication
of a detecting head configuration to meet the special requirements of the
railroad whee! inspection. Figure 9 is a photograph of the specially
designed hand-held probe used to acquire data from the wheels. The probe
has interchangeable magnetic pole tips which facilitate matching the con-
tour of the wheel at various measurement points. In Figure 10, the equip-
ment is shown being used to acquire Barkhausen noise data from a point
on the rim of a raiiroad wheel. The aligning fixtures shown in the figure
were used to position the probe repeatably within approximately #0.03 inch.
Also shown in this figure is the holding device which allowed the operator to
rotate the wheel {o various measurement locations and lock the wheel in the
desired orientation.

14




a. Tread Surface of a Used Wheel b. Tread Surface of a Stop-
Tested Wheel

[

ot Lo g g L N, L
= e q,I-'-.-i-_' 'j.,:.i:';_. g
i3 ' h rqﬁkf‘- i [

sl e e

¢. Rim Surface of a Typical
Wheel

FIGURE 7. PHOTOGRAPHS SHOWING WHEEL SURFACE FINISHES OF
VARIOUS WHEELS
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Brakeshoe Etchings

Tread Surface

Thermal
Fatigue
Crack

FIGURE 8. THERMAL FATIGUE CRACK IN TREAD SURFACE IN
USED WHEEL NO. 5 {10191 A)
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Wheet Nao.

P {247T86A)

2 [24T4A}

3 {247 2A)

4 {2460A)

5 {10191 A)

6 Ei0I90A)

TABLE 2.

BRAKE-TEST PROCRAM AT ussc(i®

History of Wheel Conditicn Prior to Residual Stress Testing

New wheel subjected to 300 simulated energency brakings
from 130 mph.

New wheel subjected to 2424 speed-control brakings
from 100 mph to 50 mph.

New wheel subjected to 120 speed-control brakings from
45 mph te 10 mpn,and 110 emergency stops {rom 130 mph
{10 with worn shoes},

New wheel in as-produced condition.

Used wheel with service life of 100,734 miles in which
one thermal crack developed during service.

Usned wheel {mate to Wheel No. 5) exhibiting no thermal
cracks.
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a. Electronic Signal Processor and Chart Recorder

o
HARPAnA

b. Barkhausen Noise Probe

FIGURE 9. BARKHAUSEN NOISE MEASUREMENT INSTRUMENTATION

18



TEIHM AQVOUTIVH V JO WIH NO VIVA NISAVHYEVHE 40 NOILISINDOY "01 3¥NOI4

19



5. EXPERIMENTAL RESULTS AND ANALYSIS
5.1 PRELIMINARY INVESTIGATIONS

The initial phase of this program involved the determination
of values for the Barkhausen instrumentation variables which relats to
the excitation of the Barkhausen activity within the inspection part and
to sensing that activity. From past experience, it was considered that
there were two factors which should primarily be considered. First to
be evaluated was the strength of the magnetic field used to excite the
Barkhausen activity. Secondly, the size of the induction coil used to
sense the Barkhausen activity was evaluated along with a very brief investi-
gation to determine the allowable liftoff {spacing between the induction coil
and the inspection part}). These investigations were made using existing
laboratory hardware, an existing portable Barkhausen noise stress
measurement unit fabricated by Southwest Research Institute, and various
existing Barkhausen probes having different size induction coils.

At this point in the program, no specimens had been received
on which to make Barkhausen noise measurements. Therefore, measure-
ments were made on a fractured railroad wheel already at Southwest
Research Institute, a 3-foot section of new rail, a 3-foot section of used
rail, and two wheels which were obtained on foan from the Southern Pacific
Railroad Company. The measurements made on these specimens were
exploratory and interpretation of the data was based, primarily, upon past
experience with the probes and equipments. The following decisions
resulted from this effort:

{1} A relatively large probe coil size was selected because
such a coil senses more of the Barkhausen activity, theredy requiring less
amplification, and becautge such a probe is less sensitive to positioning on
the surface of the specimen.

(2} The maximum magnetizing current available from an
existing Barkhausen instrument was used to excite the Barkhausen activity
because the large thickness of the railroad wheelc tends to reduce the
magnetic flux density in the region of the surface material near the induction

sensing coil, and thereby tends to decrease the amplitude of the Barkhausen
signature.

{3} 1t was decided that no magnetic feedback would be em-
ployed in the instrumentation. "Magnetic feedback™ refers to monitoring
the magnetic field component tangent to the surface of the mMe asurement
point and using this information in a fecdback control loop to alter the
current to the magnetizing coil in a predetermined pattern. The "magnetic
feedback’’ technique was not incorporated in this program because the
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required instrumentation iz complex and experience wilh the technique is
very limited.

From these decisions, design specifications were determined
from which probes were fabricated, and modifications were made to an
existing Barkhausen instrument which was used to acquire all the Barkhausen
noise data in the remainder of the program.

5.2 CALIBRATION DATA

To relate the Barkhausen noize measurement to actual levels
of stres® in the inspected part, a calibration curve must be established
from material similar o that part. Generally, in programs such &s this
a calibration curve is obtained {rom a simple cantilever beam specimen
that has been fabricated from material similar to the test part. This
was the starting point for the calibration experiment on this program.
Initially, & curve is established which relates the Barkhausen noise
measurement as & function of the calculated stress applied to cantilever
beam specimens. Figure 11 illustrates such & curve cbtained from one
sample of raiiroad wheel material. The details for establishing this
curve are contained in Appendix C. It will be noted that the Barkhausen
stress indication varies significantly with stress. Comprme ssive stresses
carrespond to low values of the measured Barkhausen noise, vhereas
tensile stresses correspond to higher values of the Barkhausen noise.

Also, it should be noted that the Barkhausen noise measurement is most
sensitive to stress changes within the range of approximately -50 to +40 ksi.
Beyond this region, the Barkhausen stress medsurement varies only slightly
with siress,

In Figure 11, Barkhausen noise measurements decrease to
values on the order of 4 or 5 units for high compression, wvhereas on the
railroad wheels noise measurements as low as 1 or 2 anits in the plate
regions and values less than | on the tread of used wheels are obtained.
This apparent discrepancy led to the design of & calibration experiment
involving much thicker specimens, and eventually, to an extensive
calibration effort. Listed sequentially below are all the experimental
efforts to obtain a valid calibration curve and to better understand the
complexities of the railroad wheel material. Data from these experiments
are included in Appendix C along with & brief discussion.

5.3 CALIBRATION EXPERIMENTS

{1 Cantilever Beam Experiment: thick beams (1" thick)
shot-peened on one side and ground on the opposite side with stock removal
perfiormed incrementally until the beam was reduced to approximateiy 1/8"
thick.
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{2} Cantilever Beam Experiment: 1" thick beam shot-
peened on one side and ground on the opposite side.

{3} Uniaxial Compression Test: 1-i/4" thick specimens
ground on one side and shot-peened on the opposite side, placed in uni-
axial compression.

{4} X-Ray Diffraction: specimen shot-peened on one side
and ground on the opposite side, approximately 1-1/4" thick,

{5} X-Ray Diffraction: 1/8" thick ground and stress
relieved sperimen.

[£-1] Strain Relaxation: holes surrounded by a strain gage
rosette were drilled in a railroad wheel in 2 manner facilitating stress
relief and calculation of the surface stress {or cach location.

{7} Shot-Peened Samples: five samples of railrcad wheel
material were shot-peened to different Almen intensity levels.

5.4 COMMENTS ON DATA INTERPRETATION

It is important to review the implications from the calibration
experiments belore entering inte the presentation and analysis of the
Barkhausen noise data from the railroad wheels. There are at least two
results from the calibration experiments which deserve discussion. This
discussion will simultaneously illustrate some of the complexities
associated with Barkhausen noise measurements in the railroad wheel
material and help to clarify the apparent discrepancies associated with
the data to be presented in the next section of this report.

The results of the shot-peening intensity experiment discussed
in Appendix C indicate that the amplitude of the Barkhausen nolse measure-
ment decreases only very slightly with increcased peening intensity {in the
peening range specified {for the manufacturer of railroad wheels inspected
in this program). Thus, one might expect all shot-peened regions of &
new wheel to exhibit Barkhiusen noize measurements of approximately
equal amplitudes. Additionally, the lowest Barkhausen noise measure-
ment obtained in all the calibration experiments from shot-peened regions
was on the order of 5 units. Examination of the Barkhausen noise measure-
metit made on the new wheels before brake testing, indicates that the
majority of the data from the plate regions lie in the range from ] to & units
while the data from the rim usually lie within the range of 4 to 12 units.
Thus, it hae been found that there i neither & uniform Barkhausen noise
amplitude from different shot-peened regions nor is the Darkhausen noise
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amplitude always greater than 5 units as would he expected from exami-
nation of the calibration curve shown in Figure 11. The following analogy
is proposed as a simplified explanation for this apparent discrepancy.

In the manufacture of the railroad wheels utilized in this
program, the rims are piaced in compression by a quenching process
{(previously outlined in the description of test specimens). This sam:
procedure also piaces the plate in tension. Onto these stress distributions
are imposed the compressive stresses generated by the subsequent shot-
peening process. Thus, in the rim the material is compressively
stressed at the surface with the underlying material also in compression
while in the plate, the surface layor is in compression with the underlying
material in tension. Steel has & magnetic permeability which is sensitive
to the stress within the material such that the permeability is increased
in regions which are highly tenasioned. Assuming that the shot-peening
intensily is nearly uniform over both the plate and rim, we would expect
that in the plate more of the excitation flux would be drawn into the under-
lying tensile layer and away from the surface layer, thereby reducing the
Barkhausen activity sensed with an induction coil sensor as compared ‘o
similarly stressed material with an underlying compressive layer.

If the above hypothesis is valid, it is possible that instru-
mentation incorporating "magnetic feedback’ would render significantly
improved stress determinations on the railroad wheels. The term
"magnetic feedback’ implias the addition of a magnetic sensor placed
near the induction coil sensor of the Barkhausen probe sach that it is
sensitive tq the tangential component of 3 magnetic field very near the
surface of the specimen. The flux measured by the auxiliary sensor ie
indicative of the magnetization of the near-surface layer of the specimen
materiai. A signal from this auxilisry sensor can be utilized in the
electronic p «cessor to magnetically cycle the near-surface material in
3 predetermined, uniform manner independent of the condition of the aub-
surface material.

It must be emphasized that although insufficient control of the
excitation field may have decreased the accuracy of a stress determination
made from the Barkhausen noise measurements, it is still possible to
make an evaluation of the technique for measuring stresses in rallroad
wheels, as will be shown in the next section of this report.

5.5 WHEEL DATA AKD AMALYSIS

As was previously indicated, Barkhausen noise measurements
were obtained from ecach of 24 geometrically unique iocations on the wheel
profile. This pattern of location was repeated along each of 8 radil, equalily
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spaced around the wheel. Since measurements were also obtained in two
directions, a total of 1,920 measurements were made on each wheel. The
data obtained are presented in Appendix A, as & series of computer-
generated graphs showing the total range, mean value, and standard
daviations for the noise moasurement obtained from each series of
locations, Additionally, the results of the destructive strees determina-
tione made by the U. S Steecl Corporation and forwarded to Southwest
Rescarch Institute are reproduced in Appendix B for convenient reference.
To facilitate comparison of these data, Table 3 contalons both the circumfer-
ential and radial Barkhausen noise measurements and the destructively
determined stress values for the rim and tread surfaces at 0* and 180°
focatione. [n thie table, the Barkhausen noise measurements are associated
with the destructively determined stress values obtained at approximately
corresponding locations on the wheel.

It is emphasized that when comparing the data of Tabie 3,
allowances must be made for differences inherent to each of the two
measurement techniques. One particular example of these differences
is associated with the size of the material sample from which a stress
determination is made. The Barkhausen activity to which the probe
responds is essentially a near-surface phenomenon. The inductive coil
which senses the Barkhausen activity covers an area of 0.1 inch x 0.1 ineh
projected onto the surface of the test plece. In contrast, the strain
relaxation method utilized by the U. 5. Steel Cerporation averaged the
distribution of tangential residual stresses in the outer l-inch thick layer
of matertal on the tread and rim faces. Single element electrical
resistance {oil strain gages with a 1/8-inch gage length were cemented to
the wheel rim surfaces after which l-inch square by Z-inch long sections
with a strain gage on one surface were saw cut from the wheel and final
measurements were made from the strain gages. The relaxation strains
measured by the gages were utilized to calculate the residuoal stress values.
A similar technique was utilized in the plate regions. Consequently, it may
be presumed that the Barkhausen noise messurement technique is signifi-
cantly more sensitive to stres® gradients than is the stress relaxation
technique. Algo, one would expect the Barkhausen noise measurement
technique to be influenced to a greater degree by any surface treatments
to a wheel or to service conditions which might alter the surface of a wheel.

An overall appraisal of the data in Table 3} discloses quali-
tative consistency in the Barkhausen data base. Those regions of the wheel
in which the surface material experienced cold working; namely, the
shot-peened regions and the tread surface of the used wheels exhibited
fow Barkhausen noise indications, indicative of the compressive stresses
introduced into the material by cold working. The tread regions of the
wheels which experienced simulated service exhibited Barkhausen nolse

25




TABLE ).

COMPARISON OF BARKHAUSEN DATA AND USSC STRESS YALUES

* g  sas i:: _i.: E:. iL

g 333 328 333 g3 sl az
- - hd L
- BEE YR & o B W

R
g3 337 323 3.3 32, =3,
AR A b LA

‘i g | - - -
d2z 345 3135 1-3 13- 12

LS R T I T

i g R 5 P

i 5 A

ii TEE rem sww & o= - e
i-u- r- -::*_ ! € ge ii

I Tee = ass . - - e

Qi gl 390 43 B B

st it o 6

IEER O IR o
s o o Y e s

: - -
TEE e !-- ¥ om e -
PE° git pz< g’y 480 L0

4 L e T ;1.-‘ L
§28 g4+ ga- 'y 230 &

iy s WEF maa - - ‘;-I--|I =

ik Jo= g3z §id 374 547 -2

F R RPr A wm o L -

5 ;i 1-=! !_.!_u #"I Ei E-"

0332 o5 g 33 s %

;‘ e A L :-_-_.- :h_ ;-l_
EI2 22 gas §7% w¢° o4
- - - - -
- - - = . -

B g7 5if p gt s gl

Aki TET EE L. = A aw o omw

- i‘= = ‘," ‘ H -=l--| !-

N e R

EL ;*‘ -t :*: i '.:; i:
l_- ’L,hl- - i _!

A - - - "‘ ..‘ -
i' !-4 !-1 !I‘r ! - 4# id
-

:L .‘-r: - - l:‘- - : - "
!_i- !_-il !-Ji ! - #': ‘:
Far aas == '_-.- --+ -.‘-‘

3 RSl St Sl Rl Ll

(38 it ::"r ;'.-* ;.': 5" i:.

- -l - - =
P ..I_-- :1:- ; - = -

ﬂidq gdd g ’“. g g
1 - L3 - -
EEr daEm FEas = @ - -
o= ’i-‘l -.ii gnd b ii:q.

26




measurements which were generaily of much higher magnitude. This
is consintent with the development of tensile stresses from thermal
cycling resulting from the brake stop testing in the absence of rolling
against a rail. Although the wheel sample for this program was rather
small, containing only two used wheels of limited service life and
several wheels with simulated service, the Barkhausen noise measure=
ments from these wheels covers & broad range from very low values
obtained in the plate regions up to an indication of 22.7 units corresponding
to a very high tensile stress {position Tl, Wheel No. 1}). This fact is
indicative that the Barkhausen noise measurement technique is indeed
sensitive to the full range of stresses as indicated by the calibration
curve in Figure 11 and establishes the capability of the technique for
detecting conditions of high surface tensile stress.

It is observed that Barkhausen noise measurements obtained
from the plate region of the wheel are generaily very low and exhibit little
change with simulated service. This fact can be ghown to be consistent
with the state of the wheel as follows. A newly manufactured wheel is
heat treated and subsequently shot-pecned such that the core of the plate
is in high tension with the surface layers in compression. Barkhausen
noise measurenients made on the plate of such a new wheel are low in
magnitude, indicative of the compressive surface stresses. The changes
which are induced by service operation of such a wheel presumably would
cause the core of the plate 1o become less tensile while the surface
iayers of the plate would become more compressive. Barkhausen noise
measurements repeated on such a used wheel after service would again
exhibit readings of low magnitude in the plate showing little change. This
is consistent with the shape of the calibration curve as shown in Figure I},
since the readings would be in a region of the curve with littie slope.

As might be expected, the greatest changes in the Barkhausen
noise measurements before and after simulated service are observed in
measurements made on the tread surfaces of the wheels which experience
the greatest mechanical and thermal working. The USSC residual stress
measurements made on wheel No. 4 indicate that the tread stresses may
be expected to be on the order of 50 ksl compression for & new wheel
while measurements similarly made on wheel Nog, |, 2, and 3 indicate that
after simulated service the stress in the tread generally has increased
on the order of 120 k#i or more toward tension. The change in the
Barkhausen noise measurements before and after service for wheels Nos,

1 and 3 are observed to frequently be on the order of 10 units in the tread
region. However, for wheel No, Z, the changes are much smaller and in
some instances, the indication is in the direction opposite to that antici-
pated. We can only surmise that the different type of brake application
for wheel No. 2 has resulted in & significantly different surface stress
condition for that wheel which is subsequently reflected in the Barkhausen
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noise measurements, but not in the stress determinations made by the
strain relaxation method which is more sensitive to material lying
deeper in the troad.

Besides the differences inherent to each of the measurement
techniques for which data are tabulated in Table 3, there are other
factors for apparent discrepancies in those data. These are:

(1} The locations at which the Barkhausen noise measure-
ments were made may not be in exact correspondence to the locations at
which the destructive stress determinations were made.

{2} Lack of control of the rate of change of the magnetic
field in the vicinity of the induction coil sensor may have allowed
variations in the nolse measurement which, to a degree, makes relating
data from different regions of the wheel to be inexact.

(3} Other real differences may exist in the Barkhauegen
phenomenon due to unknown or uncontrolled material variation from
wheel to wheel.

(4) Real errors may exist in cither the Barkhausen noise
data or the destructively determined stress values.

Much attention was given to the identification of a subset of
the Barkhausen noise data which could be readily related to the service
condition of a wheel. Data from the plate region of the wheel appeared
not to change significantly with service on the wheel, therefore, it was
discounted. The tread regions were similarly discounted since the
material in these regions continually experiences wear, rolling, and
brake applications which tend to alter the surface material making
interpretation of Barkhausen noise data from this region unreliable.
However, the data obtained from the rim surfaces appears to exhibit
significant changes, especially in the reglons nearest the tread. One
might expec, data from such rim extremities to be closely related to
changes in the hoop stresses, and in fact the dats from the back ris
surface appears to vary ina manner rescembling the stress changes to be
expected with increased service of a wheel. The following paragraphs
briefly demonstrate a treatment of these data which might possibly be
used to predict the serviceability of a raiiroad wheel. However, it is
cautioned that the validity of the treatment can only be substantiated by
an extension of the date base.

Increased service lifr on a wheel tends to decrease the built-
in compressive stresses in the rim. one would therefore expect the
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Barkhausen readings to increase with service life, Such stress changes
would be expected 10 be greatest at locations nearest the tread of the
wheel, that is, the portion of the wheel which i® nearest the material
most affected by normal service operations. Accordingly, the stress
gradient on the back rim near the tread is of interest. The difference
between the Barkhausen stress indication obtained from positions BRS

and BR4, respectively, is directly related to the stress gradient of
interest. Table & tabulates these data and orders the wvheels according

to the increased magnitude of the stress gradient indicated by the Bark-
hausen noise measurements. Also tabulated are the number of stops
expeorienced by cach wheel. One notes that the resulting order of the
wheels corresponds to the increased number of hard stops, Although this
result is indeed encouraging, it fails to distinguish the two cracked wheels
and it seems to be unresponsive to service conditions other than hard stops.

To examine the validity of this approach to the data analysis,
a similar tabu.ation is made in Table 5, utilizing the results of the U. 5
Steel destructive stress determinations. [t should be noted that in Table 3
the twa cracked wheels are distinguished by their cccurrence at the
extreme end of the table. Also, the wheels seem to be ordered generally
according to their overall service life experience. Better control of the
magnetic {ield used to excite Barkhausen activity in the railroad wheel
material might have resulted in better correspondence of the data as
presented in Tables & and 5.

It should be noted that the stress gradient indicated by the
Barkhausen noise measurements made near the tread on the front rim
furface of the wheel tends to be opposite thiwe corresponding gradients on
the back rim face. This suggests a slight 'wisting of the rim. However,
no dimensional measurements were made in the present experiment to
test this hypothesis.
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TABLE &.

COMPARISON OF BACK RIM STRESS GRADIENTS
FROM BARKHAUSEN DATA

No. Hard | Mo.Control Difference in Barkhausen Noise
Wheel No, Condition Stops Brakings Average Indications at BR4-BRS
§(Z4TIA) Hew o 0 -1.2
2 [Z4TAN) MNew & 0 «1.2
& {24604 New 14 O Li]
2 {2474A) |* Cycled (Cracked) © 144 o
I (2476A0 hew i L] +0_ B
& {IDI%0A] Used 5% v *F. b
5 [OI9IA} Used [Cracked) &% 7 L
Y [24T2A) Cycled o 1o 2.0
P [24T0A) Cycled 100 0 «2 W

* This wheel cracked at two locations which had been drilled for the installa-
tion of thermocouples.
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TABLE *.

COMPARISON OF BACK RIM STRESS GCRADIENTS

FROM USSC DATA

—4

Ko Hard | No. Contral USS Sirews Averages (kail
Whee! No Condition Stons Rrakings Hear BRH4 [Mear BRS Difference
£ 12400A1 New o t “hE 2 ] + 20
v {IDISOAY L sed E : . +47 9 57
P ER47Tn Al oy ledt 1O L4 -1% B 1} K +EQ
P IXETZAL { poled PO 2o 10 & R 7 71,
LAY | Ueed{iCracked) L =455 57,4 tRT 4
AL TEAL [ yolediE rac hed!t {+ 2aza L thl. % 0% 4

“This wheel cracked at two locations which had been drilled for the
installation of thermocouples,
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6. concLusioNS AmD RECOMMENDAT [ ONS

As a result of the investigations conducted:

L. It has been determined that the Barkhausen phenomenon
i sufficiently strong in the railroad wheel material 1o yield Barkhausen
stress indications of adequate sengitivity and magnitude for possible ueili-
ration 28 a good stress indicator, Circumferential values ranged from

approximately 0. ¢ (greater than 50 ksi compression) on the tread of . used

wheel to 22, 7 (greater than 50 ksi tension) on the tread of a wheel after
Tepeated simulated stops,

2. It bas been demonstrated that Barkhausen stress measurements
can be made on these wheels with excellent repeatability utilizing simple
probe positioning devices and AEEOCidted instrumentation suggesating thae
a field portable equipment is indecd feasible. No preparation of the measure-

ment locations are required except for removal of excessive cil and dirt
build-up.

1. Even though significant Barkbausen noise variations are
encountered from wheel to vheel and at different locations on eich wheel,
s gqualitative appraisal indlcates reasonable agrecsent with actual whee]
stress conditions exirtiog in the near-surface regions (as inferred from
the manufacturing and procesalng procedures, vheel gervice conditlions,
and the data from USSC). Comparison of resfidual stress by the Barkhausen
technique and hy a destructive method Lndicated significant differences
since the Barkhausen are surface =asturemwnts and residual stress sessure-
Benls ware from three-didensional wheel Segmrnle.,

d. The back rim suriace nearest the tread has been, tentatively,
identified as & region which may be utilized in dote renuning the service
condition of & wheel fsce Table 4}, However, a mcre cxteonsive data base
i# required to establish whether this or other regions would provide the
best measurement locations. Furthermore, the possibility of using one or
more measurement locations near the rim and a measurement direction
{perhaps radial) where stress changes only slightly with service as a
"built-in-reference’ should be considered.

5. Althouph no X-ray diffraction messurements were made on
wheels during this program the extensive X-ray diffraction data, in con-
Junction with the wheel fractures and fracture mechanics analysis of
reference 1 procide stromg evidence that residual surface BETOES Deasufe=

Eents made on the front eide rie of wheels are a promising method of fore-
casting wheel life.

6. Since no wheel fractures were produced the results could not
provide & basis for determining at what level of residual stress or Bark-
hausen signature a wheel should be judged 1o be unsafe for service,



7. The results fros these preliminary experiments wvers not conclusive
enough o warrant (smediste development of Barkhausen equipsent for the routine
inspection of wvheels. ,

The following recommendations are made:

1. It is recommended that the present data base be extended to &
significantly larger number of wheels, perhaps several hundred, to
facilitate relating the Barkhausen surface stress levels to the remaining
serviceability of the wheels. Future programs to extond the data base
should include wheels covering a much broader range of service life.
it is possible that such data could be accumulated at a major overhaul
facility.

i. It is further strongly recommended that future efforts incorporate
magnetic feedback features in the Barkhausen instrumentation to minimize
variations caused by measurement region geometry, material perseability grad-
ients, and shot-peening.
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APPENDIX A
BARKHAUSEN NOISE DATA

The Barkhausen noise data acquired in this program are presented
here in a series of computer generated graphs. The measurement
locations are shown in Figure A=l which indicate the alpha -numeric
designations for cach location along with the corresponding numeric code
utilized in the computer plots.

At each measurement location, five Barkhausen noise measure-
menls were made in a circumferential direction. The average value for
these {five measurements was taken as the true Barkhausen noise measure=
ment for the location. A similar procedure was {ollowed for measurements
made in a direction perpendicular to the circumferential direction. The
repeatability of the Barkhausen noise measurement was usoually within

§ percent of the average value for the five measurements made at cach
location.

A computer program was devised to average the five Barkhausen
noise measuremente from cach location, and group the data from sym-
metrical locations from differen: wheel radii in bar graphs as shown in
Figures A-2 through A-19. The series of asterisks assoclated with a
particular location represent the range of Barkhausen noise measurement
acquired along the different radii. The zero associated with cach secics
of asteriske denctes the mean value for the particular set of data, and the

"greater than™ and "lesser than™ symbols indicate the standard deviactions
from the mean value.
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Barkhausen Noise Measurement [Arbitrary Units)
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Barkhausen Noise Measurement (Arbitrary Units)
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Barkhausen Noise Measurement [Arbitrary Units)
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Barkhausen Naise Measurement {Arbitrary Units)
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Barkhausen Noice Measurement {Arbitrary Units)
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Barkhausen Noise Measurement {Arbitrary Units}
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Barkhausen Noise Measurement {Arbitrary Units}
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Barkhausen Naise Mea mrem;:nt [Arbitrary Units)
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Barkhausen Noise Measurement {Arbitrary Units)
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APPENDIX B
DESTRUCTIVELY DETERMINED STRESS DATA

The data contained in this appendix were obtained by the United
States Steel Corporation under Contract DOT-TSC-T12 and furnished to
Southwest Research Institute by the Contracting Officer's technical
representative.

Figure B-1 is a sketch of the location of strain gages on the railroad
wheels which were employed to determine the stresses in various regions
of the wheels. To measure the distribution of tangential residual stresses
in the outer 1" thick layer of the rim, single element, electrical resistance,
foil, strain gages with 1/8" gage lengths were cemented to the wheel rim
surfaces. One-inch square by 2-inch long sections with the strain Bage
on one surface were then saw cut from the rim and gtrain measurements
were made {rom the gages. Using the accepted value of 30 million psi for

Young's modulus, the tangential residual stresses were calculated from
the relaxation strain.

The residual stresses at the bases of the back rim plate fillet and
front hub plate fillet were measured by means of £5* rectangular, stacked
rosetle, electrical resistance, foil, strain gages with 1/4" gage lengths.
The strain gages were cemented to the wheel plate from which 2-1/2"

square by plate thick sections were sawed. The princtfui residual stresses
were calculated from the measured relaxation strain, (11)
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If one assumes that the shot-peened surface of 55-1f had a residual
compressive stress of 45 ksi, then the data for that specimen conform
to the usaal "S" shape calibration curve obtained for steels. The 45
ksi shift is reasonable since that stress value is bracketed by the
residuai stress determinations shown in Table C-2 {-27 ksi to 39 ksi}
and half the yield strength for the railroad material {-60 ksi} which has
a hardness of approximately BHN 262 and therefore a yield strength on
the order of 120 ksi. {15) 1t should be emphasized, however, that the
calibration curve shown in Figure L] is for a thin specimen of railroad
wheel materiai. For application to the railroat wheels which are thick
relative to the i /4" specimen, the curve shouid be adjusted slightly
downward to reflect the dispersion of the magnetic flux in thicker
speciimens,
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APPENDIX C
CALIBRATION EXPERIMENTS

The following discussion details the calibration experiment
previously outlined in Section 4.2 of this report. Table C-! summarizes
the calibration expariment by tabulating the specimens utilized, the kind
of data acquired for each specimen, and the location of the respective
data presentations.

In previous Barkhausen noise measurement programs, it has been
& practice to obtain calibration data from cantilever beams whick are
generally 1 /8" or 1/4" thick and ground on both sides. A specially
designed bending fixture i# available into which such specimens can be
inserted and subjected to controlied defiections. A dial indicator on the
fixture is utilized to measure the deflection of the beam from which the
corresponding stress can be calculated. It is also known from past
experience that the Barkhausen noise measurement is influenced to &
limited extent by the geometry of the test specimen. The magnetic flux
used to excite the Barkhausen activity is more concentrated in a thin
specimen than in a thick specimen. Since the Barkhausen activity
increases with greater rates of change in magnetic flux, a somewhat
greater Barkhausen signal is obtained from a thin specimen than from a
thick specimen in the fame stress condition. Accordingly, the {irst
calibration experiment was designed to address the problem of obtaining
& valid calibration curve for the thick railroad wheels from specimens
thin enough to be deflected in the existing fixture.

A section of railroad wheel nominally of the same type as the six
railroad wheels in this program was obtained from the Standard Steel
Corporation. Specimens (SS-1 and 55-4) were prepared from this material
such that one surface of the specimen contained the shot-peened surface
from the rim of the material sample and the opposite side of the epecimen
was carefully ground. Barkhausen noise measurements were made on
each specimen prior to cutting it from the material sample and arain
after it was made into & 1" thick cantilever beam. One of the specimens
(55-1) was reduced in thickness in a series of steps and Barkhausen
noise measurements were made on both sides at each thickness. When the
beam finally became thin enough to be placed in the beading fixture, a
calibration curve wae obtained from each side of the apecimen.

This experiment produced an interesting result when the #pecimens
were finally reduced to 1/8" thickness. The Barkhausen noise data ob-
tained from the shot-peened side of this thin specimen resulted in a
calibration curve which had & negative slope for values of very high
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compression. The Barkhausen noise signature obtained {rom the shot-
peened surfaces with high compressive stress application included a
secondary peak which increased with compression, vhereas the normal
peak decreases with compression. As the secondary peak became more
prominent, the electronic peak amplitude detector shifted to the secondary
peak, resulting in the distorted calibration curve. Since the occurrence
of the secondary prak was not seen in the data acquired from uny of the
whecls in the program, it was assumed that this anomaly was nonrelevant
to the program effort and no further data were acquired from the 1/8"
thick specimen.

Since calibration curves had been obtained for specimen 55-1
only at 1/4" and 3/8" thicknesses, it was difficult to extrapolate the data
for applications to thick specimens. Therefore, an additional 1" thick
cantilever specimen (55-4) was prepared as before and put into a fixture
on a hydraulic press to be bent in a cantilever mode. No secondary peak
occurred in the Barkhausen signature obtiined from this specimen, How-
ever, the Barkhausen noise signature did tend to increase slightly when
the shct-peened side had highly compressive stresses applied. To veiify
that this tendency was not a peculiarity of the method for stressing the
material, another thick specimen (55-5) was prepared with one 2" x 7"
face shot-peened and the other ground. It was put in uniaxial compression
aiong its longitudinal axis and Barkhausen noise data was acquired from
both sides. The resuits from this experiment agaln confirmed the trend
of the Barkhausen noise measurements to increase wnen the shot-peened
surface was placed in high compression.

All the preceding calibration experiments related Barkhausen noise
measurements to the magnitude of applied stress on material which had
not been annealed in order to avoid changing the specimen metallurgically,
Thus, te relate the Barkhausen nolse measurements to residual stress
levels, it was necessary to determine the actval residual stress at the
epecimen surface for at [east one point on the calibration curve. This
was also necessary in order to relate data from the shot-peened surfaces
to that obtained from the ground surfaces. It was felt that this could best
be done by making X-ray diffraction measurements on the shot-peened
surface of specimen 55-5. X-ray diffraction measurements were made
on both sides of that specimen. To obtain still more residual stress
correlations from a shot-peened surface, a strain relaxation technique
was employed on a B-36, Class A wheel purchased from the Penn Central
Transportation Company. This industrial method for the determination
of residual stresses {described in Reference 12) involved the installation
of a strain gage rosette around the location at which a hole was drilled.
Data from the strain gage rosette were accumulated as the hole depth
was increased in increments of approximately 0.010 inch. Residual stress
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values obtained by the X-ray diffraction and strain relaxation techniques
are tabulated in Table C-2. Ii should be stated that the personnel who
made the X-ray diffraction measurements and the drilled hole strain
relaxation measurements had only limited experience with either
technique. However, upon examination, only the strain relaxation data
obtained on specimen 55.5 appear to contain substantial error. Exami-
nation of the actual strain measurements made on that specimen revasal
that the stress gradients normal to the surface were extremely high, a
condition which very likely invalidates the technique as employed in

this effort.

it is interesting to note that the X-ray diffraction stress determination
made on both sides of specimen 85-5 are highly compressive and of nearly
equal magnitudes. This may be explained by the fact that both sides of the
specimen were cold worked in the regions of the X-ray diffraction
measurements. The ground side was unal'ered for the X-ray diffraction
measurements while the shot-peened side was mechanically polished to
smoath the surface at the location of measurements. Neither side was
electropolished or chemically etched prior to the X-ray diffraction
measurements. Thus, it is not unreasonable to &ssume thal the very thin
surface layers of both sides had experienced similar degrees of cold
working resulting in the observed high level of residual compressive
strees.

[t i known that generally in materials that do not strain harden
substantially, the maximum residual stress induced by shot-peening is
arcund half the etatic yield strength for the material. Differences in the
peening intensity do not substantially change this maximum residual
streen level although greater pesning intensity does cause the compres-
sively stressed fayer to incredase in thickness, (13} T4 determine the
significance of shot-peening intensity on the Barkhausen noise measure-
ments, {ive specimens of wheel material were prepared and shot-peened
to varying intensities. The peening intensity was verified by means of
Almen test strips which were shot-peened along with the specimens.
Figure C-2 shows the Barkhausen noise measurements obtained from
these specimens and it is observed that the Barkhausen noise signatures
vary only slightly with increased shot-peening intensity.

The conclusion of the calibration experiments is summarized in
the caltbration curve previously presented in Figure Il of this report.
That curve represents the Barkhausen nolse data obtained from both sides
nf apecimen 55-1f as presented in Figure C-1, but with the data from the
shot=peened side shifted 45 ksi toward compression. It is probahle that
cach pair of curves shown in Figure C-=1 for the opposing sides of each
spec unon ate really two different portions of a single calibration curve.
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TABLE C-1.

RESIDUAL STRESS CALIBRATION DATA

Specimen Comparison Residusl Stress | Barkhausen Noise
1.D, Technigue Deteymination | Msasurement |
5= X-Ray Dilfraction Dats lavalid -
{See MNote (1)}
§i5-5, Peened Side X-Ray Diffraction =37.1 KS! 4.9
{See Nots (2]}
BS-5, Ground Side X=Ray Diffraction =38, 7 KSI 17.%
{See Note (}})
=%, Feened Side Hole Technique - 3. B KSI (4] 4.9
=5, Ground Side Hole Technigque * 9.7 KSI(4) i7.5%
RS5-1i. Front Plate Hole Technigue ~27.8 KSI 2.8
E-ll. Back Flate Hole Technigue -27.0 KSl 0.97
-li. Frent Rim Haole Technigue -36.6 KS] 516
f5-11, Back Rim Hole Technigue -26.9 K51 T.64

NOTES: {1}

(2}

{3)

{4}

Data were invalid becsuse the specimen holding fixture
strained the specimen in the measurement region.

Surface polished mechanically to remove rough peened
surface {iaish.

Surface &8 ground.

These data are discounted for reascns explained in the text
of Appendixz C.
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Barkhausen Noise Measurements (Arbitrary Units)
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APPENDIX D
REPORT OF INVENTIONS

A diligent view of the work performed under

thise contract has revealed no innovation, discovery, improvement,
or invention, Howewer, this study desonstrated, Tor the railroad
vheels evaluated, & qualitative consistency of detecting residual
stresses for limived locations oo the rim, between the Barkhausen
results and the residual stresses determined destructively at USSC,
Major changes {rom compressive to tensile stresses wvere located on
the tread reglons and sides of the rims.
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